Cross correlations of horizontal wind fluctuations between points separated in space were measured at the Marine Observation Tower with a network of three-dimensionally distributed cup-anemometers.
Introduction
Wind fluctuations in the atmospheric boundary layer have been measured in towers on the land or at sea. A number of papers have dealt with the cross correlation of turbulent wind component between points separated in space. The purposes of these studies are to make clear the threedimensional structure of atmospheric turbulence. The coherence, which may be considered as the square of the magnitude of correlation between the Fourier transforms of the wind fluctuations at two variables, is a useful statistical quantity. The cross-spectrum is the Fourier transform of the cross correlation and can be written as follows (Lumley, 1970) : where lj is the distance between two locations, PA(n) and PB(n) the power spectra at the two points A and B, respectively. Here j =1, 2 and 3 indicate the longitudinal, lateral and vertical directions with respect to the mean wind direction, s respectively. The phase shift is defined as, Davenport (1961) showed that the coherence in case of strong wind is represented as a function of a non-dimensional frequency nl3/u, where u is the mean horizontal wind speed in the layer of vertical separation 13. This means that individual eddies are geometrically similar in the atmospheric boundary layer. Cramer (1960) assumed the following form of coherence :
where n is the frequency, Co(n) and Q(n) the cospectrum and quadrature spectrum, respectively. The coherence is defined by the expression, Pielke and Panofsky (1970) and Ropelewski et al. (1973) including the case of three-dimensional wind components. In the present paper the three-dimensional structure of the horizontal wind component will be investigated in more detail, that is, the formulation of *j(j =1, 2, 3), the phase shift between the wind fluctuations at two points vertically separated, and the three-dimensional sizes of turbulent eddies are obtained. For the small value of l3, the phase shift may be approximated by a linear function of frequency, and so can be written as where C is a function of u, 13 and z(z being the height above the ground surface).
The size of an eddy with the frequency n is defined as
Observation
Measurements of wind speed were made on the Marine Observation Tower of the Institute of Coastal Oceanology at a point 1 km distant from the seashore in Sagami Bay. Anemometers used are of the three-cup type whose response time is 0.32 sec for the wind speed of 10 m/sec. Detailed characteristics of the anemometer is described in the paper by Kondo, Naito and Fujinawa (1971) .
To avoid an unwanted disturbance of wind field by the tower, the anemometer was held on the end of a fully long boom. The disturbed wind field around the Marine Tower is studied by Kondo and Naito (1972) .
In the Hiratsuka district on the seashore of Sagami Bay the steady wind blows for several hours from the open sea (namely from the directions between south and southwest) with the speeds of about 10 to 15 m/sec, and the standard deviation of wind direction is smaller than 15 degrees. So the array of sensors was suitably arranged in these wind directions.
A schematic view of vertical arrangement of sensors is shown in Fig. 1(a) . Upper three sensors are fixed at their altitudes, while lower three ones can be arbitrarly moved up and down. The level from the sea surface varies by one to two meters with the variation of the tide. The sensor at the highest Table 1 .
level is situated at 21 m from the mean sea level. Fig. 1(b) shows the horizontal arrangement of wind sensors for obtaining the lateral and longitudinal correlations of wind fluctuations. In the conditions of the light wind and high swell in the sea there are some wave-induced wind fluctuations (Kondo, Fujinawa and Naito, 1972a) , so that the data in such conditions were excluded from the analysis.
Observations were made in near neutral conditions of the atmospheric stability during the period from September 1969 to April 1973. (Kondo, Naito, Fujinawa and Watabe, 1974; Naito and Kondo, 1974) . The recording time for each run is 25 minutes, and the sampling interval is 1 second. Output pulses from the transducer are gathered with a computer SDS-92 or NEAC-3200 by an on-line system, and the power spectrum, the coherence and other statistical quantities are computed.
Power spectrum and intensity of turbulence
The power spectrum of wind fluctuations in neutral condition may be written in the following normalized from : where *2 is the variance, i.e., the square of the standard deviation of wind fluctuation. The shape of F(nz/u) is originally proposed by Inoue (1952) .
The smoothed curve of wind speed spectrum is shown in Fig. 2 as a function of the normalized frequency. This example is the typical one in the case that the spectrum has the peak. Each curve is averaged over five successive runs. Corresponding data to the curves in Fig. 2 are listed in Table 1 . The data corresponding to Fig. 2 , where z is the height from the sea surface, u the mean wind speed, and */u the intensity of turbulence. Table 1 . The non-dimensional peak frequency npz/u at which the power spectrum takes its maximum value cannot exactly be decided, but it seems to increase with the increase of height. In conditions of moderately strong winds the intensity of turbulence is about 0.1 near the sea surface, and it decreases with the increase of height as shown in Table 1 . Fig. 3 shows the value */u versus u. Each point is the value averaged over 5 successive runs, and the black and white circles indicate the values at the levels of z =11.5 m and 20 m respectively. There is a little difference between the values at two levels. The turbulent intensity is already Wind fluctuations were measured in the layer between the height of 3 and 23 m from the sea surface for the wind speeds between 7 and 14 m/sec. In this case the vertical separation 13 was 0.9 to 12.0 m. Vertical coherence *3(n, 13) is plotted versus the frequency n, and then a line is fitted by eye to obtain the decay parameter a3 as defined by (1). Thereafter *3 is nondimensionalized with the reference wind speed and height, and is represented as the function of nondimensional separation in the from :
where u10 is the wind speed at the 10-m height, G a universal function, and z the mean height of the two points.
This equation may be more general in comparison with Davenport's similarity. The value u10*3/z versus l3/z is shown in Fig. 5(a) . Each symbol represents an average over 3 to 5 successive observational runs. The results obtained in strong winds by Shiotani (1967) is included in Fig. 5(a) .
The smooth line on the figure indicates that Consequently, the empirical formula of vertical coherence turns out to be shown as a function of height by Kondo, Fujinawa and Naito (1972b) . As seen from Fig. 3 , the intensity of turbulence in strong wind, say u>7 m/sec, is approximately constant, while in case of light wind it increases rapidly with the decrease of wind speed. The vertical distribution of the peak frequency is shown in Fig. 4 together with the results of other authors. The smooth line in the figure can be approximated by the following formula :
where the height z is measured in meters.
It is shown from (8) that the vertical coherence, i.e., the square of the cross correlation of the wind fluctuations with the frequency n, becomes strong with height. Next, the vertical phase shift *3(n, 13) of the wind fluctuations between two points is plotted versus frequency, and a straight line is fitted by eye to obtain the value of C as defined in (3). Thereafter, the non-dimensional coefficient u10C/z is plotted versus non-dimensional length l3/z as shown in Fig. 5(b) . Points in the figure are a Therefore, the phase shift is given by
From the above formula, *3(n, 13) becomes slightly smaller with the increase of z and so it is found that the phase shift has a weak dependency on height. If the index to l3/z in (9a) takes 1.0 instead of 1.14, *3(n, l3) will be independent of z. But this substitution is hardly accepted as easily seen from Fig. 5(b) .
Lateral separations
Data were collected by means of two pairs of wind sensors arranged in the horizontal plane. The decay parameter *2 for the lateral coherence can be obtained by the same method as done for the vertical coherence.
Lateral separations were between 1.4 and 16.5 m. The non-dimensional decay parameter u10*2/z versus non-dimensional distance l2/z is presented in Fig. 6 , which Shiotani (1967) and Barad (1958) .
contains the results computed from the data by Shiotani (1967) and Barad (1958) . Each symbol is the value averaged over five successive runs. The line in the figure indicates the approximate formula: Therefore, the lateral coherence is given by
It is noted that (8) and (10) The size of an eddy with the frequency n can be calculated by making use of the coherence. First, we have the vertical size L3(n) by putting (8) into (4) : where * indicates Gamma-function.
Similarly the lateral size L2(n) is obtained as L3(n) and L2(n) have the same function except a proportional constant. The similarity ratio is
We find that the lateral size is by about 30 * larger than the vertical one. Longitudinal size L1(n) can be easily obtained from (11) as Fig. 7 . Same as Fig. 5(a) but for the longitudinal separation, including the results by Barad (1958) .
shows the non-dimensional decay parameter of longitudinal coherence versus l1/z. Points in the figure are scattered in comparison with those in Figs. 5(a) and 6. Line in Fig. 7 can be written as which is independent of height.
Three-dimensional image of the eddy
The phase shift of wind fluctuations between vertically separated points is represented by (9), and the vertical and longitudinal sizes of the eddy are given by (12) and (14), so that the inclination of the vertical axis of the eddy can be estimated. Putting l3=L3(n), we can obtain the phase shift for the vertical size, that is, It is seen from (12), (13), (14) and (15) that the vertical size of the eddy tends to approach the longitudinal size with the increase of the altitude and that the inclination of the eddy tends to become perpendicular to the mean wind direction. This means that the eddy becomes isotropic in space at higher levels of the atmospheric boundary layer.
An image of the eddy may be represented by a distorted cylinder. Fig. 8 represents the image for the peak frequency of normalized power spectrum. As given by (6), np in the case of the figure is 0.016 Hz at z=20 m under u10= 10 m/sec.
Discussion
It is found that the empirical formulae of vertical, lateral and longitudinal coherences for horizontal winds have not the same function of nlj/u10(j=1,2 and 3). This means that the structure of turbulence is different in three directions of space. The longitudinal decay parameter, a measure of the life time of eddy, is proportional to the intensity of turbulence */u (Ropelewski et al., 1973) .
The value of */u is about 0.1 in the layer of near z=10 m for the case of u>7 m/sec from Fig. 3 , so the formula of longitudinal coherence (11) can be altered in the following form,
In the present study the empirical formulae of coherences were obtained for the range of frequencies from 0.01 to 0.5 Hz, by making use of (1). And the size of the eddy was calculated by these formulae. Here we consider the estimation of the sizes in space. Substituting 13= L3(n) in (8), l2=L2(n) in (10) and l1=L1(n) in (11), respectively, it is obtained that Consequently, the eddy sizes in vertical and lateral directions are equivalent to the lengths such as the coherence, i.e., the square of cross correlation, is e-0.91, while the size in longitudinal direction is equivalent to the length such as the coherence is e-1.
Taylor's hypothesis that the spatial structure of the turbulence is invariant with wind speed, is widely used in the analysis of atmospheric turbulence. If this hypothesis is applicable to the eddy with the frequency n, the correlation between two points with a longitudinal distance l1 should be expressed as a function of time separation l1 /u, excepting the small value of u. The correlation for the frequency n in longitudinal direction is given by the square root of (11). In the layer neighbouring z=10 m, the correlation function can be written as References This formula is not obtained by making use of Taylor's hypothesis, but is the empirical formula in the present observation, and indicates that the hypothesis may hold for every frequency. It is noted that the present analysis is restricted to the frequency range between 0.01 to 0.5 Hz. Therefore, further observations over a wide range of frequencies are necessary to verify the establishment of Taylor's hypothesis.
The correlation function of wind speed in an arbitrary direction in the horizontal plane * * 12(n, l) may be given for smaller separation than the height as (Lumley and Panofsky, 1964) where l is the distance between arbitrary two points, and * the angle between the arbitrary direction and the mean wind direction. The isopleths of the correlation coefficient in the horizontal plane are shown in Fig. 9 , which represents the case of z= 10 m, u10= 10 rn/sec and n=0.1 Hz. The above equation cannot be used for the cases of separations which are very large in comparison with height.
